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Abstract- The current deployed wire type antenna for small satellites suffers from both limitation of
mounting location and frequent failure in deployed mechanism. Slot antennas, on the other hand, can
be easily integrated with solar panels and offer better flexibility in design. This paper presents an
alternative antenna design for small satellites, and the design is based on the cavity backed slot
antennas. The design method, choice of antenna feed geometry, circular polarization, and array
configuration are discussed in detail. Feasibility of integrating the slot antennas with solar panel is
presented and it is found that it is not only possible to integrate slot antennas with solar panel, but also
to optimize the antennas to achieve the most effective antenna pattern, steering angle of the main
beam, and maximum antenna gain. Two prototype antennas were designed, fabricated and measured,
and the good agreements between the measurements and design data confirm that proposed antenna is
a novel solution for small satellite communication systems, and promote the novel multi-functional
solar panel design.

I.

properties are limited by the mounting location on the
satellite and one can not always achieve the best
antenna design.

INTRODUCTION

Satellites are classified according to their
weights. Generally, a satellite is called small satellite
if its mass is less than 500 kg [1]. Small satellites are
important space exploration vehicles and are widely
employed in enabling missions that large satellite
cannot accomplish such as gathering data from
multiple points with low payloads.

This paper proposes slot antennas [3], [4] as
alternatives to the current antenna system of the small
satellites. It is shown that these simple slot antennas
can be conveniently integrated with solar panel, and
one can flexibly design the desired radiation pattern
as well as circular polarization (CP) which is not easy
to achieve with the dipole antennas. Prototype slot
antennas with linear polarization (LP), CP and array
configuration were designed and fabricated, and the
measurements agree well with the design data. The
paper also discusses optimization method on these
solar panel antennas with genetic algorithms (GA).

One of the biggest challenges for a small
satellite, especially for Cube Satellites (CubeSat) or
smaller ones is how to allocate the limited surface
real estate. In general, the surface area is occupied by
surface mounted solar panel, test instrument for
specific mission, and antennas as part of
communication system. This paper presents a novel
antenna design that is suitable for a small satellite
communication, and effectively solves the problem of
managing surface real estate.

This paper is organized as follows. Session I is
the introduction, and followed by the slot antenna
topology and feed design in session II. Section III
presents the integration of the slot antenna with the
solar panel. Antenna in array configuration and
optimization are covered in section IV. Finally there
is a conclusion.

Most small satellites use the wire type antenna-dipole antenna [2]. Usually there is the deployed
mechanism associated with this type of antennas. The
mechanism is as follows. Before launching the
satellite, the dipole antennas are mounted on the
allocated location, and are folded on the surface of
the satellite. After the satellites are launched and
reached their orbits, the dipole antennas then popopen, and stick out from the satellite. There are
mainly three disadvantages of the dipole antennas.
First of all, the deployed mechanism requires extra
design and is not cost-friendly. Second, in the
incidence where the antenna does not pop-open, the
entire communication system may fall and the result
is losing the whole space craft. Third, the antenna

II. DESIGN BASIS
A. Feasibility of Integrating Slot Antennas
with Solar Panels
A typical solar panel assembly for small
satellite is as shown in Fig. 1. One is able to notice
that there are gaps between the solar cells which are
labeled by the red arrows. These gaps can be easily
utilized to design antennas. We can create radiating
slots in these gaps and have these slot antennas
replace the current dipole antennas.
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The slot antenna shown in Fig. 2 has to be
modified to suit the small satellite application. The
reason is that usually there is a shielding between the
solar panel and the electronics inside the satellite, and
therefore, the slot is only radiating to one side (one
plane). A suitable model for such application is a
cavity backed slot antenna (CBSA) [5], where a
cavity is placed beneath the PEC ground plane, and
this cavity can be either filled with air or loaded with
dielectrics. Fig. 5 shows an illustration of a typical
cavity backed slot antenna.

Fig.1: Solar panel assembly.

B. Radiation Mechanism of Slot Antenna
According to Babinet’s principle [3] a slot cut
on a perfect electric conductor (PEC) can be treated
as ac complementary dipole as shown in Fig.2. A
typical radiation pattern and return loss for slot
antenna is shown in Fig.3 and 4 respectively. It is
seen that the slot radiates in both planes (both sides
of the PEC).

Fig.5: Cavity backed slot antenna.

C. System Level Considerations
There are mainly three orientation of a Small
Satellite; it can be pointing to the earth (nadir
pointing), it can be pointing some other location such
as the sun, or it can be spinning and keeping a single
orientation as shown in Fig. 6. The choice of
antennas for the first two types of satellite
orientations is simple, and therefore we direct our
effort to the third orientation. It is clear from Fig. 6
that one needs at least four monopoles (or two
dipoles) to satisfy the communication requirements
for the satellite. Consequently, we need two groups
(vertical and horizontal) of slots. Also, we can see
from Fig. 6 that in order to steer the beam to the earth
when the satellite is on the North Pole (or the South
Pole, position B in the figure), we need to have at
least an array of two elements to perform beam
steering.

Fig.2: Slot antenna and its complementary dipole.

Fig.3: Radiation pattern from a slot antenna.

Fig.6: Illustration of small satellites on their orbits.

Fig.4: Resonance frequency of 2.4 GHz slot antenna.
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III.

PROTOTYPE SLOT ANTENNA

In order to verify the feasibility of choosing a
slot antenna as an appropriate antenna for a small
satellite, we designed and prototyped a single
element slot antenna at 5GHz. The measured results
agree well with the design data, and the geometry of
the antenna is reasonable and suitable for the solar
panel integration.
A. Feed Design
How to feed an antenna is very important design
factor and it directly affect antenna property, system
level performance, and realistic prototyping. Among
many feeding method, three are more suitable for slot
antennas, and they are the simple probe feed [2],
coplanar waveguide (CPW) feed [6], [7], microstrip
line (ML) feed [4], [6]. To decide on the most
suitable feeding method, we experimented with all
three feeding methods. The slot antenna geometry is
as follows. The ground plane is backed by a cavity
filled with a substrate, and the relative permittivity of
the substrate is 3.5. It should be noted that in all our
simulations, Ansoft’s HFSS is used to design and
study antenna properties.

Fig.9: Radiation from a 5 GHz probe-fed antenna.

CPW feed is another popular feeding choice.
There are mainly two ways to feed a slot antenna
with the CPW. The first one is called the inductive
coupling which is done by splitting the coupling slot
into two by the CPW as shown in Fig.10. (a), and the
second is the capacitive coupling shown in Fig.10.
(b). The impedance of the CPW can be determined
by the length of the etched slot in the CPW.
Generally a CPW feeding needs two substrates the
upper one contain the radiating slot and the lower one
containing the etched feeding slot (Fig. 10). The S-11
parameters and the radiation pattern are shown in
Fig.11 and 12 respectively. Although CPW feeding
has lots of advantages and can be easily matched, we
found that it’s not flexible for solar panel application
because it causes a poor front to back ratio (i.e.
radiation on the back side of the slot antenna).

The probe feeding as shown in Fig.7 offers a
very simple geometry and reasonable antenna
bandwidth and pattern as can been seen from Fig 8
(S11) and Fig. 9 (radiation pattern, E-plane (Red), Hplane (Blue)). One disadvantage of this type of feed
is that one has to drill holes on the substrates, and it
can be not desirable when integrating antennas with
solar panel as it is not always simple to have number
of holes on the panel.

(a)

(b)

Fig.10: (a) Inductive Coupling CPW feeding and (b) Capacitive
Coupling CPW feed.

Fig.7: A probe-fed cavity backed slot antenna.

Fig.11: S11 parameters of both inductive and capacitive coupling
CPW feed.

Fig.8: S11 parameter of a 5 GHz probe-fed slot antenna.
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(a)

Fig.12: Radiation from a capacitive coupling CPW feeding.

Among the three types of feeding method, we
found that the microstrip line (ML) feed [4] is the
most effective and simple to implement. We used
three types of ML feeds (regular ML, shorted ML,
and tapered ML) to feed a slot antenna (Fig. 13). The
antenna was designed at a center frequency of 5 GHz,
the dimension of the ground plane is 50×50 mm², and
the slot is 18×1.2 mm. The geometry of the antenna
and the feed (Fig. 13) is as follows. Two substrates
are used to fabricate the slot antenna and the feed
individually. The top plane of the upper substrate is
grounded and a radiating slot is etched on the
grounded metal coating. The metal coating on the
bottom plane of the substrate is etched out. For the
lower substrate, a microstrip line is printed on the top
plane, and the metal coating on the bottom plane is
grounded. The two substrates are then assembled
together and the four walls are coated with conductor
and grounded. Fig. 14 shows the simulated S11
parameters of these three types of ML feeding, and it
is seen that all of them are effective feeding methods.
Considering the ease for the fabrication, the simple
ML is chosen for prototyping.

(b)
(c)
Fig.13: (a) Simple ML feeding, (b) Shorted ML feed, and (c)
Tapered ML feed.

B. Prototype One Element Cavity Backed Slot
Antenna
To verify the design, we fabricated a single
cavity backed slot antenna. A simple ML feed as
discussed in the previous section is used. The two
substrates used are both Rogers high frequency
laminates (RO 4003C) with the relative permittivity,
thickness, and loss tangent of 3.5, 0.813 mm, 0.002
respectively. A conductive epoxy (Creative Materials
product number 124-46) was used to coat and ground
the four side walls of the assembled substrates
(Fig.15). The dimension of the ground plane is 50×50
mm², and the slot is 18×1.2 mm.
The resonant frequency of the fabricated
antenna was measured with a Vector Network
Analyzer (Agilent 8510C) and Fig.16 shows
measured S11 results in comparison with the
simulation. It is seen that the measurement agree
reasonably well with the design and the small shift in
the center frequency can be due to the accuracy in the
fabrication by using a circuit board milling machine.

As a conclusion remark for the feeding method,
the investigated types of feedings are presented in
Table 1.

Fig.14: Comparison of S11 parameters of three microstrip line
feeding methods.

Fig.15: The fabricated single slot antenna.
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Table1: Comparisons of various feeding methods.
Feeding Methods
Probe
Inductive & capacitive
CPW
Simple ML
Shorted ML
Tapered ML

1.
2.
1.
2.
1.
1.
1.
2.

Advantages
Small conduction and dielectric loss.
Good efficiency.
Wider BW and easy imp. Matching.
Better in array configuration.
Easily fabricated.
Better response at the whole range.
Easily matched.
Wider bandwidth.

1.
2.
1.
2.
1.
1.
1.

Disadvantages
Requires drillings in the substrate.
Challenges in matching.
Poor front to back ratio.
Not flexible for our application.
Challenges in matching.
Very hard to fabricate.
Challenges in fabrication.

The radiation pattern of the antenna was
measured with NSI's near-field antenna range and
Fig.17 shows the measured radiation pattern. The
simulated radiation pattern is presented in Fig. 18 as a
reference, and it can be seen that the shape of the
measured pattern matches the simulation in an overall
sense. The ripples in the measured pattern are mainly
from the reflection from the room where the antenna
range is placed.

Fig.18: The simulated radiation pattern.

IV. EFFECT OF SOLAR CELLS
The feasibility study in the previous session has
shown that a slot antenna is an effective radiator. The
next step is to integrate the antenna with the solar
panel. The configuration of the integrated solar panel
slot antenna is as shown in Fig. 19. There are mainly
three layers. The first two layers are feed-line and the
antenna, and the last layer is made of solar cells. The
solar cells are very thin (about 0.16 mm) semiconductive layer. Because the dielectric constant and
conductivity of the solar cells are not ready to be
found exactly and they may vary from vendors to
vendors, we treated the solar cell as a silicon layer and
varied its conductivity to how the existence of the
solar cells affects the antenna performance. We placed
a silicon layer around a single element slot antenna,
and varied the conductivity of the silicon, then plotted
the S11 of the antenna with respect to the conductivity
in Fig. 20. It is seen that the conductivity of the solar
cell only shifts the resonant frequency of the antenna
and there is no significant shift after the conductivity
is raised higher than 5 S/m. This is understandable
because as the conductivity increases, the solar cell
layer only acts as part of the ground plane and no large
effect on the antenna performance.

Fig.16: The S11 parameter of the fabricated antenna.

Fig.17: The measured radiation pattern.
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Two ways can be used to measure the accuracy
of CP for our design. The first is to compare the Eplane and H-plane, they should be very similar. The
second one is to check the axial ratio (AR), which is a
complex number and needs to have a magnitude of 1
and phase of 90 degree. Using the first criteria, it is
seen from Fig. 23 that a reasonable CP is achieved in
our design. When checking the AR, we achieved an
AR of 1.25ej85°, which is acceptable for a CP.

Fig.19: Integrating the antenna with the solar panel.

Fig.21: Circularly polarized CBSA.

Fig.20: The S11 parameter of the slot antenna with respect to solar
cell conductivity.

V. CIRCULAR POLARIZATION AND ARRAY
CONFIGURATION
As discussed in II-C, in order to steer the beam to
the earth, one need to consider an array of slots. Also,
in most communication systems, circular polarization
(CP) is favored, and therefore it is important to design
slot antennas with CP capability.

Fig.22: Feeding Network to obtain CP.

A. Circular Polarization
CP [8] is very much favored in satellite
communication. For the case of linear polarization
(LP), one has to synchronize the ground receiver
antenna with the satellite antenna and this requires
extra complication for the ground station. For the case
of CP, on the other hand, there is no need for such
synchronization [2 and 3], and the direct result is the
reduced pay cost. While it is not always simple to
achieve CP with dipole antennas, the design is straight
forward for slot antennas.

Fig.23: The radiation pattern of a CP CBSA.

A CP can be obtained as long as we have two
slots perpendicular to each other and phase shift them
for 90 degrees. To obtain the 90-degree phase shift, a
ML feed was designed as shown in Fig.21, where the
feed line is adjusted to feed both slots and the linelength between the two elements is designed to give a
90-degree phase delay. Fig.22 shows a more detailed
geometry of the feed-line and the cross-slots.

B. Slot Antenna Array
An array configuration not only allows us to steer
the antenna beam to the desired location, but also
helps to increase the gain of the antenna. In this
section, two types of arrays were implemented. The
first type is a two- element LP array to study the beam
steering. The second type is a four-element CP cross
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slot antennas to study the gain enhancement. It should
be noted that one can easily steer the beam and
enhance the gain at the same time with a CP slot
antenna array. We performed these two studies
separately to keep the variables simple.
1- LP Array
Fig. 24 shows the geometry of a two-element slot
antenna array. The distance between two antennas is
noted with d in millimeters. The phase delay between
the two elements is calculated by d and noted with α.
Fig.25 shows the radiation pattern for the case when
d=15 mm and α = 100 degrees. Table 2 shows the
maximum steering angle that was obtained for
changing the spacing and the phase shift.

Fig.26: Four element CP array.

The feeding network is shown in detail in Fig.27.
To facilitate a better matching and an ease in
fabrication, two quarter-wave tapered transmission
lines are used. The 50 Ohm line is then connected to a
SMA connecter to feed the array. There are two kinds
of ML layouts to avoid reflection at the bending in the
microstrip line [9]: the swept bend and the mitered
bend. In this paper the swept bend was used, and the
radius of the bend was set equal to or more than triples
the line width.

Fig.24: Two element LP array.

Fig.27: Feeding network for CP array.

The four-element CP array antenna was
fabricated using a milling machine as described in
session III on a substrate (RO 4003C). The substrate
has a permittivity of 3.5, height of 1.54mm, and a loss
tangent of 0.002. The implemented antenna array is
then measured with the same VNA and antenna range
as described in session II. Fig.28 (a) is the
measurement set up with the near-field antenna range.
Fig.28 (b) is the antenna under test (AUT). Fig.28 (c)
is close up view of the fabricated antenna and its feed
before being assembled together. The measured S11
parameter and the radiation pattern are shown in
Fig.29. It can be seen that the measurement agrees
fairly well with the design. It is also observed that the
E and H-plane patterns are reasonably close to each
other, showing that a reasonable CP is achieved.

Fig.25: The radiation pattern of a 2-element LP array.

Table 2: Steering angles for different alpha and spacing.
Alpha (α)
50
100
165
225

Spacing (d) in mm
7.5
15
25
37.5

Max theta
15
30
40
30

2- CP Array
Presented in Fig. 26 is the antenna and feed
layout of a 2 by 2 CP array. The process for designing
slots and feed-line is the same as explained in previous
sessions. The spacing between elements is uniform
and is λ/2 where λ is the wavelength in free space.
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VI. OPTIMIZATION
When the size of the solar panel permits an array
of slots instead of only one or two slots, then it is not
only desirable but also feasible to locate these slots in
positions that can provide the most optimal antenna
performance. The objective in this session is to present
methods to optimize antenna performance in array
configuration. The first study is to find antenna layout
that gives the optimal pattern with the suppressed side
lobes. The second study is to optimally steer the
antenna main beam. The third study is to optimize the
antenna efficiency.

(a)

A. Optimal Side Lobe Suppression

(b)

The solar panel under consideration has a
dimension of 20×10 cm² and easily allows multiple
slots integrated on it. In general, the process of
optimization is to adjust the inputs of a system (in this
case, the antenna design parameters) and then find the
maximum (or minimum) output. The process of
finding the optimal output is called the cost function or
objective function. HFSS has three optimization
methods, and they are all experimented in this paper.
These methods are Quasi Newton method (gradient
methods), the Linear Programming method (simplex
search method), and the Genetic algorithms (GA) [10][12].

(c)

Fig.28: (a) The Near Field Measurements for the fabricated antenna,
(b) Picture of the Antenna Under Test (AUT), and (c) Picture of the
upper and the lower substrate of the fabricated antenna.

In the study where the side lobe suppression is
the objective, the cost function is naturally chosen to
be the lowest side lobes in the radiation pattern. For a
planar array, the antenna elements can have equal or
unequal spacing, and these two types of layout are
called linear and non-linear configuration as illustrated
in Fig. 34 (a) and (b).

(a)

(a)

(b)
Fig.29: (a) Measured S11 parameter, and (b) measured radiation
pattern.

(b)
Fig.30: (a) Linear array, and (b) non-linear array.
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The field pattern of a planner antenna array is
multiplication of array factor and the element pattern
(field pattern of the antenna element that constructs the
array) [2] as follows.

[ FT ] = [ AFX ] ⋅ [ AFY ] ⋅ FE ,

(1)

where [FT] is the total field pattern of antenna array,
[AFX] is the array factor of the arrays on x axis (Fig. 30
(a)), [AFY] is the array factor of the arrays on y axis
(Fig. 30 (a)), and FE is the element pattern.
There are eight elements in this study, as shown
in Fig. 30, four elements are on the x axis, and two are
on y axis. Therefore, from [2], the array factors [AFX]
and [AFY] can be written as the following.

[ AFX ] = cos ⎡⎢ ( kd X cos θ ) + β X ⎤⎥ ,
1
⎣2

⎦

Fig.32: The cost function versus the number of iteration.

Table.3 Values of the optimized variables

(2)

dX
dY
βX
βY

where k=2π/λ,
dX= separation between the elements ,
βX = phase difference between elements,

1 ⎡ sin ( N / 2ψ ) ⎤
⎢
⎥,
N ⎣ sin (1/ 2ψ ) ⎦

L.P
36.2 mm
34.8 mm
0.5°
0.4°

G.A
36.6 mm
34.4 mm
0.3°
0.4°

From Fig. 32, it is seen that the LP (simplex
method) took the least number of iterations. The GA
method converges after about 20 more iterations than
the LP, and the QN method did not converges. The
reason for the failure in QN can be due to the noise
generated by the meshing process in HFSS, and the
QN method works well only with low noise, unlike the
LP and GA that are not affected with the noise.

λ = wavelength.

[ AFY ] =

Q.N
42.1 mm
44.6 mm
1.2°
0.8°

(3)

where ψ = ( kdY cos θ ) + βY , N=4,
dY = separation between the elements ,

Generally GA is robust, stochastic optimizers
modeled on the principle of natural selection and
evolution. GA is effective in solving complex
problems with many variables or multi objective
function. When applying GA in our study to suppress
side lobes, the GA is started with placing four random
values for the chromosome (dX, βX, dY, βY). A uniform
cross-over type and a mutation with a Gaussian
distribution were selected. The constrains were only to
keep the slot within the substrate. For details about
GA, the reader is referred to [12].

and βY = phase difference between elements.
Considering equation (2) and (3), one can easily
find that there are four variables (dX, βX, dY, βY) in
equation (1). To search for the optimum pattern, we
set [FT] as the cost function and experimented with all
three optimization methods. Table 3 shows the
optimized values for the four variables in each case.
Fig.31 shows the normalized gain versus theta for both
the HFSS and the Mat-Lab code, one can notice the
results are very similar except for some small side
lobes in the simulation results. Fig.32 shows the
number cost function versus the number of iterations
for the optimization methods used.

B. Optimal Beam Steering
In this study, a total of sixteen slot antennas are
placed on a larger panel (20 cm by 20 cm) (Fig. 33).
The variables to be optimized are the same as in
section VI.A (i.e. the position of the antenna elements
on the panel). The cost function is chosen to steer the
main beam, and to suppress the side lobes. GA is used
to perform the optimization and results are shown in
Fig. 34. It can be seen from Fig. 34 that when
minimizing the side lobes, the main beam can be
steered up to 35 degree, which satisfies most
communication requirements.

Fig.31: Normalized gain versus θ.
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Fig.33: Geometry of a 16 element planar array.
(a)

(b)
Fig.35: (a) Efficiency for 8 element array, and (b) efficiency for 16
element array.

(a)

VII. CONCLUSION
The paper presented an alternative antenna
geometry for small satellites, especially CubeSats. The
proposed antenna topology is based on the cavity
backed slot antenna. The feeding methods for the
antenna is discussed in detail and the antenna
geometry that produces circular polarization are
proposed. Both single element linearly polarized slot
antenna and an array of circularly polarized slot
antennas are prototyped. The measurements agree well
with the design.

(b)
Fig.34: (a) The cost function versus the number of iterations, and (b)
the radiation pattern for the array.

The proposed antenna is to be integrated with
solar panels to provide a conformal and cost-friendly
design. In order to perform the integration, we studied
the effect of the solar panel material on the antenna
performance by modeling the solar cells as silicon
material with varied conductivity. It is found that the
solar cells do not affect the antenna performance in a
large sense and it is feasible to integrate slot antennas
with solar panels to form a novel antenna solution.

C. Optimal Efficiency
This study is aimed to optimize the efficiency of
the antenna array. The size of the panel and the
variables to be optimized are the same as in the
previous section. The relation between the antenna
gain and the efficiency is
Gain=efficiency • directivity [2].
The cost function in this case is set to be such
that it maximizes the efficiency of the antenna array,
and suppresses the side lobes. The efficiency of an
eight-element antenna array and a sixteen-element
array were optimized and the results are shown Fig. 35
(a) and (b). From these results, it is seen that
increasing the number of elements results in higher
efficiency.

Finally, the optimization for slot antennas in
array configuration is presented. It is found that when
the size of the solar panel permits integration of
multiple slot antennas, one can optimize antenna
radiation pattern to have the minimum side lobe,
optimize the steering angle of the main beam to
achieve the highest communication efficiency, and to
optimize the total gain of the antenna system.
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